Recent developments in fibre optic shape sensing by Amanzadeh, Moe et al.
Accepted Manuscript
Recent Developments in Fibre Optic Shape Sensing
Moe Amanzadeh, Saiied M. Aminossadati, Mehmet S. Kizil, Aleksandar D.
Rakić
PII: S0263-2241(18)30560-8
DOI: https://doi.org/10.1016/j.measurement.2018.06.034
Reference: MEASUR 5651
To appear in: Measurement
Received Date: 16 August 2017
Revised Date: 24 April 2018
Accepted Date: 18 June 2018
Please cite this article as: M. Amanzadeh, S.M. Aminossadati, M.S. Kizil, A.D. Rakić, Recent Developments in
Fibre Optic Shape Sensing, Measurement (2018), doi: https://doi.org/10.1016/j.measurement.2018.06.034
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
  
Recent Developments in Fibre Optic Shape Sensing 
Moe Amanzadeh
a,b,
, Saiied M. Aminossadati
a 
, Mehmet S. Kizil
a
, and Aleksandar D. Rakićb 
 
a
 School of Mechanical and Mining Engineering, The University of Queensland, Brisbane, QLD 4072, 
Australia 
b
 School of Information Technology and Electrical Engineering, The University of Queensland, 
Brisbane, QLD 4072, Australia 
 
Abstract 
This paper presents a comprehensive critical review of technologies used in the development 
of fibre optic shape sensors (FOSSs). Their operation is based on multi-dimensional bend 
measurements using a series of fibre optic sensors. Optical fibre sensors have experienced 
tremendous growth from simple bend sensors in 1980s to full three-dimensional FOSSs using 
multicore fibres in recent years. Following a short review of conventional contact-based 
shape sensor technologies, the evolution trend and sensing principles of FOSSs are presented. 
This paper identifies the major optical fibre technologies used for shape sensing and provides 
an account of the challenges and emerging applications of FOSSs in various industries such 
as medical robotics, industrial robotics, aerospace and mining industry. 
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1. Introduction 
Shape sensing has been an area of interest for many researchers and industries in the past few 
decades. There are two type of shape sensors: conventional shape sensors (CSSs) and fibre optic 
shape sensors (FOSSs). CSSs include (1) non-contact based shape sensors, and (2) contact based 
shape sensors, also referred to as self-sensing surfaces. Non-contact CSSs include visual systems 
such as cameras, radio detection and ranging (RaDAR), and light detection and ranging (LiDAR) 
sensors. Ambient temperature or contamination can interfere with the performance and integrity of 
these shape sensors [1, 2]. Shape sensing becomes more critical in the applications where non-
contact visual systems cannot be used and real-time data of a dynamic object is required [3, 4]. In 
these applications, contact based CSSs are required to be attached directly to the objects and move 
with them, transducing the positon to optical/electrical signals to sense shape, curvatures, bends and 
twists. This paper firstly presents conventional shape sensors briefly, then provides a comprehensive 
critical review of technologies used in the development of FOSSs. The opportunities and challenges 
of applications of FOSSs in various industries such as medical robotics, industrial robotics, 
aerospace and mining are discussed. 
2. Conventional Shape Sensors 
Development of a suitable contact based shape sensing technology has been the topic of many 
research and development projects over recent years for a wide range of industrial and medical 
applications [5-8]. In this section contact based CSSs are reviewed with examples of their 
applications, together with their advantages and disadvantages. Based on sensing technology used, 
contact based CSSs are categorised into: (1) electrical resistivity and strain sensors, (2) 
optoelectronics sensors, and (3) micro electro mechanical systems (MEMS) sensors. 
2.1. Electrical resistivity and strain sensors  
Electrical resistivity and strain sensors have been used on large structures, as well as smaller devices 
such as gloves to measure change in two-dimensional (2D) or three-dimensional (3D) directions [8-
11]. Figure 1 shows a contact based electrical resistivity glove shape sensor, known as GloveMAP. 
The system is a low-cost fingertip bending tracking using electrical resistivity and strain sensors. It 
uses a standard Arduino microcontroller for receiving the electrical signals, calculations and 
interfacing with a computer. The technology is promising for gaming and wearable devices, but 
complexity and inaccuracy are the main limiting factors of the technology for wider applications. 
Electrical resistivity sensors have limitations in terms of complication and weight of wiring, for 
example in large scale applications where many cables are needed [8]. In small scale applications 
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such surgical tools, conventional electrical sensors are not suitable due to size, complexity and 
sensitivity to electromagnetic noise and temperature [12]. In addition, electrical sensors have 
limitations in hazardous and explosive areas. 
2.2. Optoelectronics sensors  
Optoelectronics sensors used for shape sensing operate based on a combination of light sensors, a 
series of conventional microelectronic gyroscopes and tri-axial accelerometers to estimate shape of 
the object in real-time. Figure 2 shows an optoelectronics based shape sensing ribbon equipped with 
a series of sensors, known as SensorTape [7]. The developed technology is a printable electronics 
and a series of LEDs and detectors to measure time-of-flight (ToF) between different points on the 
object. The sensor development cost is low, as it uses mass produced, off-the-shelf sensors and can 
be manufactured with available printable electronic technologies. The maximum length that can be 
produced is 2.3 metres and it is compatible with low-cost Arduino microprocessor for connectivity to 
computers. SensorTape was developed as a low-cost solution for posture measurement and is not 
suitable for industrial applications, such as in confined spaces of surgical and drilling tools.  
2.3. Micro electro mechanical systems sensors 
MEMS sensors are integrated microscopic devices enabling measurement of various parameters in 
moving devices, such as directional tilt measurement in connected joints in respect to each other. 
Figure 3 shows a commercial product developed based on MEMS sensors for geotechnical 
applications, known as ShapeAccelArray or SAA [13]. ShapeAccelArray consists of a series of 
waterproof tubes connected with flexible joints. Each section/tube is around 0.3 metre long and is 
equipped with MEMS based tri-axial accelerometers and gyroscopes. Using data fusion and 
correction techniques an estimated 2D/3D shape of the ShapeAccelArray is calculated by the 
software. ShapeAccelArray is commonly used in boreholes, drill positioning, pipes, wall movement 
or embedded in structures for deformation monitoring [13-17].  
The selection of an appropriate shape sensing technology depends on several factors such as cost, 
installation constraints, applications and environmental considerations. Table 1 presents a summary 
of conventional contact based shape sensors (non-fibre optic technologies) and presents a 
comparison of their performances. 
3. Why Fibre Optic Sensing? 
Fibre optic sensing provides a promising opportunity to determine the shape status of an object in 
real-time. FOSSs utilise fibre optic sensors (FOSs) to realise the orientation and position of the 
optical fibre relative to its starting point or realising the shape of an object with embedded FOSs. The 
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FOSSs are mainly designed based on directional strain measurements. As an example, a FOSS can 
consist of tri-core fibre Bragg gratings (FBGs) sensor planes measuring strain for multi-dimensional 
bend direction calculation of an object, which is consequently used in a computer model to 
reconstruct the 2D/3D shape of the object (Figure 4). 
In general, FOSSs hold many distinct practical advantages over their conventional counterparts, such 
as: 
 FOSSs can be monitored simply by a single remote interrogator unit, without complexity of 
wiring and connecting many sensors; 
 There is no electricity required at the position of the sensor therefore they can be placed and 
the strain/bend can be measured in otherwise inaccessible places; 
 Small dimensions  of optical fibres (diameters between 100 µm to 2 mm) allow them to be 
embedded into very thin materials, surfaces/structures, or in the centre of a rod or small 
devices, which transforms the object into a self-sensing surface; and 
 Fibre optic sensors are immune to external electromagnetic fields.  
To highlight the size and simplicity of using FOSSs, a comparison between electrical strain gages 
and FOSSs installed on an aeroplane wing for shape sensing is demonstrated in Figure 5. 
4. Evolution Trend 
This section reviews the evolution trend of FOS to develop recent FOSSs. Table 2 summarises the 
main papers and patents in a timeline to demonstrate advancement of fibre optic sensors from bend 
sensors to FOSSs. 
Various characteristics of fibre optics, such as fibre cross talk through evanescent fields, were 
considered for the development of bend sensors in around 1980s [19-21], and directional bend 
measurements from the early 1990s [22-26]. Ultimately distributed bend measurements emerged in 
the late 1996 to early 2000s, and the knowledge of shape sensing using optical fibres was further 
developed. The development of multiplexing techniques fuelled more research into “distributed 2D 
bend sensing” through the increase in the number of available “sensing points”. In 1996, wavelength 
division multiplexing (WDM) of FBGs was used for the first time in structural bend sensing and 
vibrational mode analysis. The fibre optic cable was mounted on a cantilever beam to detect the 
overall bending shape of the beam based on the strain detected in the fibres [27]. Similarly, to the 
1996 WDM system introduction for multiplexing FBG sensors, a basic FOSS developed based on 
FBG and WDM technology to measure the strain and therefore bend at multiple locations along the 
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fibre. Chen and Sirkis (2001) advanced the general ideas for distributed bend sensing and filed a 
patent on a FOSS apparatus and method in 1997 [28]. The suggested system was capable of bend and 
twist measurement to resolve the full 3D shape of an object with FBG sensors attached on the 
surface with helix angle. The technique involved taking readings from wavelength, time and spatial 
division multiplexed FBGs and resolving the returning signals into bends and twists, thereby 
providing a full 3D shape. 
A new fibre optic 2D bend and twist-sensing strip was developed, commercially known as 
“ShapeTape”. ShapeTape utilized a pressure sensitive fibre optic product known as “Kinotex” to 
detect pressure on different areas of the tape. Kinotex was initially developed to detect collisions on 
a large robotic arm used to move material on the International Space Station in 1999 [29]. These 
pressure sensitive areas allowed the algorithms to determine the bend profile of the ShapeTape and 
display a 3D shape on a computer screen (Figure 6). Originally, this was desired to be used in 3D 
modelling [30]; however, after the initial excitement, the technology has largely disappeared in 
applications. Danisch and Simpsonin (2003) presented the only other effort, where they used 
ShapeTape in an attempt to monitor the movement of human subjects [31].  
Substantially more “shape sensing” method patents began to emerge post 2000’s. Despite the 
disappearance of ShapeTape and its commercial failure, basic fibre optic shape sensing appeared 
again in early 2000 with multicore fibres for high accuracy curvatures sensing using phase and strain 
changes of FBGs [32, 33]. 
The downside of shape sensing with WDM is the limitation in terms of the number of FBGs that can 
be utilised, limiting the ability for longer or more flexible object’s measurement. With improvements 
in computing power and the advancement of distributed fibre optic sensing technologies and 
techniques such as optical frequency domain reflectometry (OFDR) hundreds to thousands of FBGs 
or fibre sections became readable on a single fibre of hundred metre length by measuring 
backscattering at mm-resolution, ultimately leading to a distributed and high resolution FOSS [34]. 
Ultimately, experimental results of these early methods for high resolution distributed FOSS were 
published in 2007 [35]. The FOSS was a 1.1 metre multicore fibre (MCF) with 110 FBG sensors 
spaced at 1 centimetre spacing. This paper also demonstrated visual evidence of successful FOSS 
using continuous FBGs and OFDR measurement of Rayleigh backscattered light.  Various other 
research papers and patents advanced the distributed FOSS and techniques since then [36-38]. Next 
section presents further details and an overview of these sensing principles. 
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Further studied on FOSSs were published in various scientific journals and more patents were filed 
in 2000s. Jones et al. (2006) filled a patent in 2004 suggesting use of FOSSs for long range shape 
sensing with three fibre cable, each with a series of co-localised FBGs to monitor the 3D shape of 
large structures, such as a pipeline [39]. By utilizing four fibres with either three or four cores, each 
with a number of co-localised multiplexed FBG’s, the direction of the bend at each FBG location 
could be determined and subsequently, the total shape of the pipe could be elucidated. Post 2000’s, 
the developed methods have been widely used on various structures and applications [35, 41]. One of 
the most practical and successful examples that has been used in industry is FOSS on surgical 
needles and catheters since 2010 [40, 42-49]. 
One of the major breakthroughs in FOSSs was the invention of localised bend and twist sensing 
using helical FBGs in 2008 [50]. FOSS measures optical signals and a computer program should 
reconstruct and render the useful information to a 3D/2D shape. Miller et al. (2004), one of the first 
papers on formulating and creating a “fitting” algorithm to monitor the data coming back from 
multiple strain sensors to calculate shape [34]. In the designed system, researchers found that by 
knowing the location and orientation of only the first sensor, the rest of the shape could be 
constructed from the remaining sensors through a method called “oscillating circles” Whilst the 
method outlined in this paper was developed specifically for 2D systems, the general technique was 
found to be applicable to both 2D and 3D shape sensing. William and Richards (2009) were granted 
a patent detailing a method for reconstructing the 3D shape of an object through strain sensors such 
as FBGs [51]. The patent claimed novel methods in airplane structure shape sensing and control. 
Askins et al. (2008) presented a method for bend and twist sensing in a helical multicore fibre, which 
has since become the core of multicore FOSSs [50]. Research continued in better understanding of 
surface-strain measurement for 3D shape sensing of large structures, for example Gherlone et al. 
(2012) developed a model based on inverse finite element method (iFEM) to reconstruct 3D shape of 
frame structures [52]. Many of these early systems were simple in their methods for image 
reconstruction.  
Various research and development projects at NASA pioneered the FOSSs field, especially in 
aerospace applications. Derkevorkian et al. (2013) investigated the deformation shape-sensing 
methodologies and have developed a new methodology to be used for real-time condition monitoring 
and control of flexible lightweight aerospace structures [54]. Chan and Parker (2015) were granted 
another patent for a method for determining 3D shape of an optical fibre FOSSs and to increase 3D 
shapes rendering speed [38]. The increasing processing power and visualisation abilities enabled 
application of this method in later works.  
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Moree (2015) developed and presented a method for extracting the 3D shape of fibre based of the 
Frenet-Serret equations, allowing the fibre to be modelled as a Kirchoff elastic rod [53]. Research for 
better use of information from sensor devices and deal with real-time data processing is still an active 
part of research in FOSSs [55]. Since 2013, a number of patents and papers have been reported in the 
litrature on how to combine multiple measurements such as twist, shape and force with a focus on 
applications in flexible guided tubes and articulated robotic arms [56-60].  
In recent years, advancement of research on effect of bend on Brillouin scattering frequency shift in 
multicore fibres has introduced a novel principle for FOSSs, promising long range full 3D shape 
sensing [61-64]. The latest research study has experimentally demonstrated use of conventional 
Brillouin optical time-domain analysis (BOTDA) for a 1 kilometre long multicore fibre bend 
sensing; however, further work is required to develop it to a FOSS [61]. In addition, multicore fibre 
technology, components and fabrication of continuous grating arrays has been a focus of researchers 
in this area [65]. Further research and development in this area as well as the fibre technologies 
promise further advancement of FOSSs in the near future. 
5. Sensing Principles 
5.1. Overview 
The main principle of determining the shape in FOSS is based on multi-dimensional bend calculation 
using a series of fibre optic strain sensor measurements. There are a number of properties of optical 
fibres that can be exploited to measure strain/bend. As shown in Figure 7, there are in general three 
FOSs configurations: (a) single point sensors, (b) quasi-distributed sensors, and (c) distributed 
sensors. Single point fibre optic sensor is an intrinsic or extrinsic measurement of a single sensor on 
an optical fibre. Single point strain sensing can be achieved by many mechanisms knowingly by an 
individual FBG, long period gratings (LPG) or Fabry-Perot and Mach-Zehnder systems. Whilst these 
are still of interest and valuable in certain applications, they can only be effective for bend 
measurement in one plane and are not particularly suitable for complex and shape sensing with more 
than one degree-of-freedom (DoF) [21, 66]. 
The key dynamic strain fibre optic sensing technologies that are used in FOSS are categorised as: (1) 
quasi-distributed and (2) distributed FOSs [46, 61, 67]. Figure 8 presents main principles and 
common interrogation techniques used for dynamic strain sensing, relevant to FOSS. In this part, 
these technologies are introduced and their benefits to FOSS are reviewed. 
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5.2. Quasi-distributed sensors (fibre Bragg grating) 
In this section, quasi-distributed fibre optic sensors by means of FBGs are discussed. Comprehensive 
reviews of FBGs in terms of theory, types and inscription techniques can be found in the literature 
[68, 69]. This section focuses on fundamental of FBG operation and different interrogation 
techniques of FBGs for FOSSs. 
5.2.1.  Fundamentals 
Periodic modifications of the refractive index in the core of a fibre is known as FBG, which strongly 
reflect a specific wavelength. The operating principle of FBG is shown in Figure 9. The development 
of multiplexing interrogation techniques has enabled reading of multiple FBG sensors to measure a 
combination of parameters using a single fibre. This has allowed single point FBG sensors to 
undergo a massive transformation to develop quasi-distributed fibre optic sensors. The quasi-
distributed sensing systems have generated a large amount of industry interest and continue to grow. 
In FOSSs, the flexibility of these systems for multiple parameters measurements have a proven 
practical advantage, for example for temperature compensation [70]. 
Only a very limited range of wavelengths of laser light is reflected by FBG, centred on the Bragg 
wavelength (B in Figure 9). The Bragg wavelength is defined by the spatial period of the grating ( 
in Figure 9) and the refractive indices of the core – n2 and n3. This effectively divides the periodic 
reflectivity spectrum into different sub sections of high and low reflectivity. As all three quantities 
depend on mechanical strain as well as on temperature, this allows for accurate micro-strain 
measurements at a high sampling rates (>10 kHz) and in real-time [72]. There are various fibre 
arrangements, such as multiple fibres, a multicore fibre and embedded fibre in an object that has 
taken advantage of this technology for shape sensing (further details in Section 6). 
5.2.2.  Interrogation techniques 
Quasi-distributed strain sensing based on FBGs is divided into three most common techniques: (1) 
wavelength division multiplexing (WDM), (2) time division multiplexing (TDM), and (3) spatial 
division multiplexing (SDM). An FBG reflects light only at the design wavelength and transmits the 
other wavelengths virtually unaffected, which allows for multiple FBGs with different Bragg 
wavelengths (within the same fibre), to be interrogated by different laser wavelengths. This 
technique is commonly known as WDM. The limited wavelength spectrum range of light in optical 
fibres and requirement to avoid FBG central wavelength and range overlaps to interrogate sensors, 
limits the number of FBGs (10s-100s) that can be sensed on the same fibre using WDM. The 
hardware used for WDM in FBG sensing is commonly available commercially and have introduced 
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fibre optic sensors in many mainstream applications. The development of fibre optic interrogators 
using integrated photonics modules promises significant improvements in miniaturisation and 
improved reliability of the interrogator units at a lower cost [162]. 
Principle of TDM is to launch a laser light pulse in a single fibre link and collect back-reflected light 
from it. Then the signal is resolved based on time of return from each FBG to calculate measured 
value at each point. The FBGs used for TDM are required to be at the same Bragg wavelength and 
have a very low reflectivity. TDM provides an opportunity to measure 100s-1000s of same Bragg 
wavelength FBGs on a single fibre [73]. However, the distance between adjacent FBGs are limited 
by input pulse length to around 0.2 metre, as demonstrated in the literature [74]. This has limited 
TDM application in FOSSs. Further development of short pulse lasers, high quality weak FBGs 
inscription and combined techniques promises a great future for TDM application in FOSSs over 
next few years [75, 76]. 
In the past few years, SDM has attracted great attention as a new paradigm for fibre optic sensing 
and communication research [77-79]; its sensing applications have been extensively studied in [80]. 
Combining SDM technology with FBG allows sensing in parallel spatial channels, for example in 
MCFs with FBG written single mode cores and in single core multimode fibres (MMF) by mode-
division multiplexing [80]. Application of SDM has not been limited to quasi-distributed sensing 
using FBGs, but also it has been applied for distributed sensing [81]. The increasing demand for 
SDM from telecommunication industry will drive advancement in components and the science 
behind it, which is expected to greatly contribute to its sensing applications. The SDM and MCF 
technologies for FOSSs are further discussed in Section 6.2. 
There have recently been more work on developing novel techniques to combine advantages of 
multiple multiplexing techniques in one combo-measurement system to enable measurement of 
thousands of FBGs at the same time [75, 76, 82]. These are, however, not in commercial stage yet. A 
comprehensive study of FBG sensing technology and techniques can be found in the literature [83]. 
5.3. Distributed sensors 
5.3.1.  Fundamentals 
In some applications, there are frequently a number of multi-directional joints or continuous flexible 
objects that calls for a more distributed sensing technology [84-86]. Recently the focus has shifted to 
develop distributed strain sensing technologies to offer continuous measurement on the fibre [87], 
which can benefit higher mechanical flexibility of FOSSs. Light scattering is a naturally occurring 
phenomenon in optical fibres caused by interaction of electromagnetic (EM) wave and scattering 
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centres. There are three different light scattering processes: Rayleigh, Brillouin, and Raman (Figure 
10). The scattering based fibre optic sensing allows measurement along the fibre. Only Brillouin 
scattering frequency and intensity shifts can be used to measure absolute strain and temperature. This 
is due to the linear relationship of the energy of phonons with the temperature and strain of the fibre. 
Rayleigh scattering can only be used for measurement of relative changes. The optical principles 
behind distributed strain sensing technique are extensively reviewed and explained in the following 
papers [87, 88]. 
5.3.2.  Rayleigh scattering 
Distributed strain sensing based on Rayleigh scattering is divided into two common techniques: (1) 
optical time domain reflectometry (OTDR), and (2) optical frequency domain reflectometry (OFDR). 
OTDR is the simplest interrogation technique for strain measurement. The principle of OTDR is to 
launch a laser light pulse and collect Rayleigh backscattered light from the same end of the fibre 
sensor. The collected time-domain trace presents a round trip of light pulse and each point is a 
Rayleigh backscattering from a section of the fibre, as a function of time. The spatial resolution of 
OTDR is limited by the detection speed and is not capable of very high resolution measurements 
(typically one metre to a few metres resolution). The essence of this technique is further explained in 
the literature [87, 88]. 
In OFDR technique, a continuous laser source is swept in frequency domain over a period of time. 
The collected backscattered light is then Fourier-transformed to generate a data comparable to 
OTDR results, where the spectrum is spatially related to amplitude and phase of the scattered light 
from each point. This technique enables very high spatial resolution measurements. There are two 
types of OFDR Rayleigh sensing possible: (1) inherent Rayleigh scattering from the core of the fibre, 
and (2) enhanced Rayleigh fibre, which is achieved by inscription of continuous gratings in the fibre 
core or simple ultraviolet (UV) laser exposure of the optical fibre [89]. In the case of continuous 
gratings, when the core is strained the resonance of the grating shifts which is measured by OFDR 
technique as a phase derivative. This allows continuous grating interrogation at a very high 
resolution. Low signal to noise ratio (SNR) from unwanted variation in grating reflective indices and 
heavy computing power required for Fourier-transform calculations are two main limiting factors for 
OFDR in FOSSs; both are popular subjects of research in recent years [65, 90]. 
5.3.3.  Brillouin scattering 
There are three different common distributed strain sensing techniques based on Brillouin scattering: 
(1) Brillouin optical time domain reflectometry (BOTDR), (2) Brillouin optical time domain analysis 
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(BOTDA), and (3) Brillouin optical correlation-domain analysis (BOCDA). BOTDR is similar to 
OTDR, except BOTDR relies on Brillouin backscatter light for absolute strain measurements. 
BOTDR has limited range, 10s of metres, and spatial resolution of a few metres. Therefore, it is not a 
preferable method for FOSSs. BOTDA relies on stimulated Brillouin scattering (SBS). Probe and 
pump lasers are launched at different frequencies with a difference equal to Brillouin frequency shift. 
SBS process generates a stronger Brillouin scattering and results in a better SNR measurement than 
BOTDA. This technique requires scanning of the wavelength of pump or probe to map the fibre 
strain, which is slow (a few hertz). Compared to the OFDR technique that requires grating 
enhancement for FOSSs, frequency shift based on BOTDA in multicore fibres does not require 
continuous gratings [61, 87]. BOCDA is the most complex of the three methods for Brillouin 
scattering measurement. The method relies on SBS by two counter-propagating continuous laser 
lights. BOCDA offers high spatial resolution. However, the principle of this technique poses a trade-
off in range of ~200 between the sensing range and the spatial resolution [87]. This feature limits the 
application of BOCDA for FOSSs. Hybrid systems utilising a combination of multiple techniques are 
also promising further development in FOSSs, such as SDM, Raman/Brillouin optical time domain 
reflectometry (R/BOTDA) system proposed and is demonstrated in the literature [64]. 
5.4. Geometrical design 
The core principle of shape sensing is the use of three or more single mode cores with strain sensors 
to create a tri-core directional bend sensing system [26]. With three single mode cores, when the top 
sensor is stretched and the bottom two are compressed, it is an indication of an upward bend.  
Figure 11 illustrates the most common cross-section geometrical arrangements of various fibres used 
in FOSSs. The first approach is to have a special fibre with three superimposed strain FBG sensors in 
waveguides written by a femtosecond laser (Figure 11.a). In this method, cores are too close to each 
other and reproducing the same specifications is a big challenge, this is further discussed in Section 
6.3. The other method is to use specially developed MCF with a higher outer diameter, which is 
more stable and has been proven to be a solid and reproducible method (Figure 11.b). Various 
aspects of MCF technology for FOSSs is further discussed in Section 6.2. Individual off-the-shelf 
standard single mode fibres (SSMFs) with strain sensors can also be bundled or glued together [91, 
92] (Figure 11.c) or be attached on the sides of a flexible material [18, 93] (Figure 11.d). rbundle refers 
to the radius of the bundle of fibre optic strain sensors and determines the minimum and maximum 
bending radius measured by FOSSs. In this case, with a flexible material in the centre (Figure 11.d), 
it helps with limiting bending radius for more accurate FOSS [94, 95].  The use of SSMF for FOSS 
is further discussed in Section 6.1.  
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6. Optical Fibre Technologies 
6.1. Standard single-mode fibres 
Using commercially available SSMF, FBGs and interrogator systems has been particularly of interest 
to develop application specific FOSS. Many shape-sensing research projects have used a triangular 
FBG arrangement for shape sensing [42, 44-48, 96-99], helically wrapped single fibres [100], 
parallel fibres [101] and an orthogonal fibre arrangement [102, 103]. A comprehensive review of 
these works, which summarises different shape sensing approaches using standard single-mode, is 
reported in literature [85].  
The strain measurement geometry is an important factor in an accurate FOSS. Torsion can cause 
inaccuracy on a three-core based bend measurement. The idea of bend and twist/torsion sensing in 
helical multiple cores were first discussed in [50]. Helically wrapped single FBG sensors enables to 
derive curvature-strain model algorithm. Figure 12 demonstrates the relationship between axial strain 
εa and shear strain εl, after the fibre is bended or twisted. Further details about the algorithm and 
relationship between the individual FBGs can be found [104, 105]. The same principle for 
simultaneous torsion and bend measurements has been applied in other types of fibres and special 
fibres with twisted cores are fabricated for FOSS (further discussed in the next part). 
6.2. Multicore fibres 
The demand for higher capacity optical fibres drove development of MCFs. Collocated FBGs in 
MCFs were initially suggested for curvature sensing. A three core MCF with two pairs of cores was 
suggested for directional curvature measurement [106]. Childers et al. (2010) filed a patent in 2004 
for a method of distributed fibre optic shape sensing, which is basis of most modern 3D FOSSs 
[107]. This method utilises a MCF with non-coupling single mode cores and each core with an array 
of FBGs. The FBGs are located on same plane to be used for local bend measurement. The proposed 
system worked so that light was sent from an interrogator down three separate SSMFs. These fibres 
were then coupled into the MCF containing multiple co-localised FBGs. The reflected light could 
then be analysed through OFDR or WDM techniques to measure strain in different core. The results 
are used to calculate local bends and then bend calculation results are integrated to reconstruct the 
total shape of the MCF. 
Lally et al. (2012) has first demonstrated this method in a helical MCF with continuous gratings for 
real-time shape sensing using OFDR Rayleigh scattering interrogation technique (Figure 13a-b) [5]. 
A typical strain response of a four-core MCF response to changes in external bend is illustrated in 
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Figure 13c. The outer cores strains can indicate the bend radius and direction. The centre core is 
placed in the centre of the MCF; therefore, experiencing negligible strain changes in compare to 
other cores. The measurement in centre core is used for axial strain and temperature compensation. 
The MCF technology has been a major factor in the ability of researchers to realize modern full 3D 
FOSSs, reducing the size and increasing the robustness of FOSSs. Increasing interest in FOSs and 
FOSSs have motivated advancement and demonstration of various FBGs and continuous grating 
fabrication techniques, such as point-by-point [89], drum setup [108], draw tower gratings (DTG) 
[109], and reel to reel [65]. The main challenges of grating fabrication in MCFs are to maintain fibre 
mechanical strength after and during grating inscription, control over quality of gratings and their 
continuous and consistent strength and scalability [110]. 
Westbrook et al. (2014) reported on development of a complete MCF and integrated components that 
are suitable for FOSSs. A new 7-core MCF fabrication technique is outlined, which includes seven 
individual cores with near zero mode coupling. A UV mask technique was utilised for manufacturing 
the internal gratings for up to >1 metre, with grating reflectivity greater than 0.01% per centimetre of 
array measured using an OFDR interrogator [90]. 
The more advanced method for reliable grating development is to utilise a reel to reel continuous 
grating array inscription setup and use UV transparent coating MCFs. This arrangement is presented 
in Figure 14. The setup allows real-time monitoring of gratings inscription process using an OFDR 
interrogator (Figure 14a). 7-core MCFs with 7 single mode cores are fabricated for FOSSs to 
simplify stacking process in fibre fabrication process and develop a more repeatable twist 
characteristics, as Figure 14b-c. The neighbouring cores in a MCF could affect process of FBG 
inscription and cause interference in gratings patterns. Writing homogenous gratings in MCFs are 
still an area of interest to research and develop suitable techniques for repeatable high quality MCFs 
with individual FBGs or continuous gratings [65]. 
Recent research and demonstrations of Brillouin frequency shift of the off-centre core in MCFs to 
measure curvature in long fibres (up to 1 km), has opened new opportunities for long range shape 
sensing in MCFs [61, 62]. These techniques do not require grating inscription and will be suitable for 
applications where large longitude deformations are expected to be measured in real-time, such as 
gas pipe lines. 
An important part of MCFs adaptation for FOSSs relies on development of integrated components 
that are compatible with existing sensing devices. In order to practically use a twisted FBG written 
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MCF (sensor array) for FOSS, other optical components such as multicore connectors, low reflection 
end termination, MCF to SSMF fan-out,  are required, as shown in Figure 15 [90]. 
Fibre optic sensing components and lasers are commonly developed to be compatible with SSMFs. 
MCFs can be used directly with most devices, but a complex and precise optical mapping between 
cores and individual modes or cores are required. This calls for development of special fan-out 
components to allow “plug and play” use of MCFs for sensing applications [111]. Multiple 
techniques are recently developed for low-loss single mode and multimode fibres interference with 
variety of fibre arrangements. A comprehensive review of the techniques used to develop these 
components are in the literature [112]. In this part, the common techniques for low-loss and efficient 
interface between SSMFs and MCFs (referred to as fan-outs) are discussed. 
The tapering of a fibre within core of a preform in a draw tower was first presented for low-loss light 
coupling from SSMFs into solid-core photonic crystal fibres (PCFs) [113]. However, the cost and 
complexity of tapering in a draw tower for a single fan-out development is not suitable for 
commercial development of SSMFs to MCF fan-outs. A practical technique is tapering of a preform 
with a bundle of SSMFs inside a holey cladding using modern multi-function splicing and tapering 
stations, as Figure 16a [90]. These fan-outs are commonly referred to as tapered fused bundles or 
tapered fibre bundles (TFBs). This technique was originally developed for connections of high power 
fibre laser modules [114]. Fan-outs used in FOSSs can be simply customised using TFBs for 4-core 
or 7-core MCFs [111].  The use of direct focused femtosecond lasers for inscription of integrated-
optic waveguide chips, has also shown promising results to develop fast and section SSMFs to MCF 
fan-outs [112]. This technique requires no manual preform preparation effort and could be simply 
produced on a silica substrate in a laser inscription station using programed XYZ translation stages 
(Figure 16b). 
6.3. Single fibres with cladding waveguides 
The lower cost of WDM multiplexing and reduced complexity of single fibre FBG written methods, 
driven by a need for a short distance shape sensing in medical devices, have led to the development 
of ground-breaking research in shape sensing. The lack of MCF advancement and the need for costly 
customised components have encouraged the use of femtosecond laser for direct point-by point 
writing of waveguides into the cladding of SSMFs. This has led to the development of single fibres 
with cladding waveguides (CWGs) and FBGs [70, 115]. Techniques for the fabrication of optical 
waveguides are comprehensively reviewed in [116]. The advantage of CWGs in SSMFs is the 
commercial availability of sensing devices, connectors and components. However, the CWGs for 
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FOSS require further research and development for reproductively and improvement of the sensors’ 
fidelity [18]. Figure 17a illustrates the shape measurement technique using single fibre with CWGs 
[115]. Figure 17b shows a 3D FOSS fiber with CWGs measuring a bending radius of 2.5 cm. The 
CWGs could be very sensitive to bending of the fiber and red illumination exhibits a very high 
sensitivity to fiber bend. 
6.4. Emerging fibres and techniques 
In this part, two emerging fibres for FOSS are discussed: (1) tilted FBGs (TFBGs) (2) photonic 
crystal fibres (PCFs). TFBGs are sensitive to the 2D bend direction [117] and this property has been 
recently further exploited to measure 3D bend in two orthogonal TFBGs [118]. This 3D bend sensor 
consists of two orthogonal serially connected TFBGs, as shown in Figure 18. The two groups of 
cladding modes responses differently to bending, which allows for calculation of bending radius. 
Many unique characteristics of PCFs over conventional fibres have been explored for sensing 
applications [119]. Blanchard et al. (200) demonstrated a three core PCF for bend measurement by 
monitoring interference fringes between three cores to measure bend radius and direction [120], as 
shown in Figure 19. Napierała et al. (2013) has advanced this technique and reported a new 
multicore PCF for single bend measurement that is connected to SSMFs on both ends [121]. These 
techniques did not prove to be a practical and scalable solution for multi bend measurement, but has 
offered new insights into the features of PCFs for bend sensing. 
Recent advancements in theoretical and experimental research has explained variety of effects seen 
in helical PCFs. These fibres preserve first order of orbital angular momentum (OAM) modes and 
also have twist sensitive dips in their transmission spectrum [122]. These features in helical PCFs 
have been recently explored for mechanical strain, twist and electrical current sensing [123, 124]. 
Further research in OAM and fabrication of novel helical PCFs promises to lead a new mechanism 
for FOSSs. 
7. Technical Considerations 
7.1. Temperature effects 
Temperature compensation is one of the most important technical considerations of fibre optic shape 
sensing that is required in some circumstances. FBGs are sensitive to both strain and temperature, 
finding a solution to minimise the temperature impact on measurement is essential where high 
environmental condition fluctuation is expected. Temperature effect can be compensated through 3D 
calculation algorithms in MCFs, by use of the centre core FBG spectrum measurement, where shape 
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is calculated based on multi bend measurement using four FBGs on a plane [70]. In the applications 
where FBGs are applied on the surface of an object at different locations, temperature compensation 
can be achieved by dual measurement methods such as dual-wavelength reference FBG with a fixed 
FBG [125], or use of a dual parametric temperature independent FBG [126, 127]. In circumstances 
where the ambient temperature is relatively constant, insulation surrounding the FOSS can be 
sufficient for accurate measurement without the need for temperature compensation [128]. Another 
proposed technique is the use of TFBGs in a multimode fibre that is temperature independent in its 
measurement nature, as discussed in Section 6.4. This proved successful for basic bend sensing 
techniques [117]. Ultimately each FOSS requires employing a different technique to account for 
temperature based on application requirements. 
7.2. Data processing 
Data processing has typically remained a bottleneck for FOSSs response time, especially distributed 
measurement based systems. The data processing and laser scan time are limiting factors in repose 
time. Heavy computing power for fast Fourier transform (FFT) calculations and solving multiple 
equations are required to reconstruct the shape of a fibre. Response time of distributed FOSSs 
increase exponentially with frequency and number of joint or kinematic chains. First generation 
FOSS systems were known to have scan and transmission times in the order of few seconds [67, 129-
131]. Recent research has demonstrated that the response time can be substantially reduced and 
significantly improve the temporal resolution of the fibre up to 500 Hz [131]. It was found that the 
optimal method for removing data bottlenecks was to move “complex computations onto digital 
signal processors on board the scanning laser interferometer”; take advantage of the PCI express bus 
and graphic processing units; and use a custom built high performance laser [131]. The use of these 
techniques has demonstrated the capability for new FOSS systems to achieve speeds which can 
account for rapidly changing environments allowing for applications in a broader range of previously 
unconsidered industries. 
8. Applications  
While the science behind the components for FOSS has advanced over the last few years, a number 
of patents have been granted with substantial industry relevance. These patents show a strong interest 
and a potential need for the introduction of FOSSs into various industries, from surgical tools to 
industrial robots. Historically, FOSS has been developed for short range and high accuracy devices 
[35, 48]. However, as the technology has expanded so has its capability to sense longer lengths with 
expectations that it will be commercially competitive in the near future [63, 132]. 
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8.1. Medical robotics 
One of the most prominent areas for FOSS application has been in modern medical devices and 
robots. A practical example of this FBG based positon sensing and controlled surgical robotic system 
is found in endoscopes for minimally invasive surgeries.  Larkin and Shafer (2011) were granted a 
patent for an entirely robotic surgery system that uses bends and joints’ positions from FBG based 
FOSSs in a feedback and control system to guide the robotic arm [40]. 
FOSS is expected to play a significant role in next generation of medical robots, flexible robotic 
arms and endoscopes. These systems require a real-time shape and location sensing and feedback 
system to implement accurate control systems to become a reality.  One major area of development 
was found in developing algorithms and systems to elucidate “the position and orientation of one 
link with respect to another in a kinematic chain” [133, 134]. A kinematic chain system based on 
FOSS works through attaching FOSS “segments” to different joints in a system. These FOSS 
segments are then queried through an interrogator to discern the orientation and end of a shape 
sensing segment relative to a previously defined reference frame. This end-point can then be used to 
construct the next reference frame so the process can continue. 
Medical applications research of FOSS led to identifying problems crucial in advancement of the 
technology.  One of the difficulties identified in creating the system of linking one kinematic chain to 
another is achieving accurate fixation of the cable to the beam of interest.  Rogers and Prisco (2010) 
filed a patent in 2008 claiming a method for achieving an accurate fixation [135].  Aside from 
accurate fixation, calibration of FOSS is an important consideration. Prisco (2012) was granted 
patent for a number of calibration techniques and apparatuses for FOSSs to make them highly 
accurate in surgical robotic settings [136]. One of the main techniques discussed is the use of a 
previously known kinematic chain in the system.  A reference frame is defined for the fibre and 
another for the kinematic chain, using the known relationship, the two are compared and a 
calibration is made. In another method, a single optical fibre is spread along two kinematic links. 
These links are moved and shape measurements are taken and then compared to the known locations 
for the kinematic links. The discussed studies and patent have contributed in the advancement of the 
“da Vinci Surgical System”, Figure 20 [137, 138], a robotic surgical system which is manipulated by 
a surgeon remotely through enhanced, magnified 3D images created through the use of image 
vectors [139]. Overall, the system provides surgeons with haptic feedback allowing surgeons to 
manipulate the robot through a set of external finger controls [140]. 
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Robotic surgical systems are not the only medical application for FOSSs which has been explored. 
The addition of FOSS to biopsy needles also provides significant opportunity for use in MRI 
environments. Park et al. (2010) outlined a method for incorporating FBG based FOSSs into MRI 
guided biopsy needles [48]. Heiden et al. (2012) presented a similar study to determine 
methodologies to achieve the accuracy required for biopsy needles with FBG based FOSSs [128]. 
Later, Park et al. (2014) were granted a patent for steerable catheters and biopsy needles designed 
using FOSSs [43]. The FOSS is embedded into either a catheter or biopsy needle and monitored by a 
surgeon remotely. 
Fibre optic shape sensing is the grand challenge of serial and continuum robots for medical 
applications, in order to develop a robust control system for intrinsic or extrinsic actuation systems 
[142]. Various flexible surgical tools including serial and continuum robots are benefiting from 
FOSS, as presented in Figure 21. Recent comprehensive surveys of continuum robots and their shape 
sensing techniques are available in the literature [85, 142]. 
8.2. Industrial robotics 
Robots are mechanical devices that are automatically controlled and can be programmed to carry out 
complex and repetitive tasks. Robotics has transformed manufacturing, medical surgery and 
industrial processes since the first modern-day industrial robot was invented and co-developed by 
Devol in 1950s [143]. Recent research and development of FOS technologies along with 
advancements of actuation techniques, machine learning, cloud-based computing, control theories 
and communication technologies hold great potential for the next generation of faster and smarter 
robots, also known as industrial internet of things (IIoT) for Industry 4.0 [144]. The significant of 
FOSSs for next generation of industrial robots with flexible and continuum links are discussed in this 
section. 
High precision manufacturing requires both dynamic and static positioning of robotic arms, which 
has resulted in inefficient, heavy and expensive robotic links. The ideal assumption is to have rigid 
links and only measure degree of movement at each link to calculate the end-point positon. However, 
the link rigidity is reduced by increasing: (i) payload to weight ration; (ii) motion speed and control 
and (iii) vibration. Structural flexibility of robotic links come in the form of joints, links or base that 
leads to error in position calculations, as shown in Figure 22 [145]. 
Development of lighter robotic arms promises higher speed manipulations, larger operation space, 
reduced energy cost and lower operational and capital investment costs. However, using lighter 
robotic arms increase flexibility of the structures which could lead to vibration and consequently 
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inaccuracy or instability of the system. A real-time shape and position sensing can enable 
development of a closed loop control system to overcome these challenges. Robots with accurately 
controlled flexible links can help automation in various complex industrial processes, such as 
automotive manufacturing. 
In recent years, interest in medical surgery robots has inspired development of new minimal invasive 
and complex surgical robots [146]. Robotic arms are developed with more DoFs to perform complex 
tasks in different environments. The need for flexibility and smaller scale link structures have led the 
research and development of continuum robotic arms over last decade. The fundamental 
development in structural design, actuation, and kinematic have facilitated many applications and 
concepts to go in clinical research and some have been commercialised. However, there are still 
technology gaps to commercialise the remaining concepts. Shape sensing is a common grand 
challenge for commercialisation of many developed robotic concepts using flexible links and 
continuum joints [6, 49, 95, 146-148]. Once these robotic concepts are matured in medical 
applications, they can also be adapted in many industrial applications. 
Figure 23 shows the development trend of continuum robotic. Continuum joints and small size 
robots require continuous, real-time and small size shape sensing for advanced control strategies 
[142]. Optical fibres can be embedded in both flexible robotic links and continuum robots for shape 
and multi parameter measurements. This offers many advantageous over CSSs (as discussed in 
Section 3) in the development of control systems for more efficient, light-weight and low-cost 
industrial robots.  
8.3. Aerospace 
Techniques utilizing FOSSs provide a great opportunity for real-time structural health and control of 
aerospace structures [149-151].  Lightweight, distributed sensing and multi parameters measurement 
using FOSS are truly advantageous in aerospace applications, where detection and localization of 
structure shape changes are critical. Figure 24 shows an example of a FOSS used for measurement of 
surface shape of a flexible structure, similar to an airplane wing and many other space structures.  
Full 3D capability of FOSSs can also be used in space applications, where GPS is not available, for 
positioning of the rovers and mapping of the surroundings. A 50-metre tether concept utilised and 
experimentally evaluated on NASA JPL’s Axel Rover with a FOSS (Figure 25). The hubclamp (in 
red box) hosts electronic and optical component for communication and power supply. FOSS is 
placed in the center of tether cable. The practical challenges of such system were identified as false 
negative tensions or compression readings, vibration frequencies higher than FOSS frequency, 
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acquisition system size and weight for a real space implementation [132].  Comparison between 
readings and actual location were not presented. 
8.4. Mining industry 
Recent advancements in fibre optic sensors have introduced unique solutions for various mining 
applications such as health and safety, geotechnical, ventilation, borehole, mine environment and 
condition monitoring [152-154]. Fibre optic sensors have also been developed and adapted in 
structural health monitoring (SHM) of large infrastructures in civil and mining applications. These 
applications have been extensively reviewed in the literature [155]. To the best knowledge of the 
authors, FOSSs have not yet been introduced in the mining industry. However, FOSSs have potential 
to improve automation and control systems in mining machineries and processes. In this section, the 
following potential opportunities and applications of FOSSs are discussed: 
 Real-time positioning of machine parts (for example bucket of rope shovels or blades of 
graders) for advanced control feedback systems such as grade control;  
 Minimising deviation in long hole drilling using rigs or jumbos with real-time positioning and 
control of rods and drill bits; and, 
 Real-time trajectory measurement and steering control of continuous drilling technologies 
(for example in coil tubing and tight radius drilling). 
Real-time positioning of machine parts in guidance and grade control systems is a potential 
application of FOSSs. Grade control systems are special industrial machine control systems that are 
installed on construction and mining machineries to survey and control the positon of links and 
operations in order to achieve the required surface grading [156]. Grade control systems are used in 
various machineries such as dozers, graders, scrapers, pull-type scrapers, excavators, soil compactors 
and asphalt compactors [157]. Even though these systems have been commercially available for 
more than a decade, they have not been widely implemented as initially expected. The main 
challenges towards wider use and implementation of fully automated construction machines are (i) 
total cost, (ii) complicated calibration, and (iii) current sensors limiting range of machine operations.  
Grade control system requires a machine part accuracy in order of ¼ inch with data refresh rate of 
50Hz. Due to the harsh environment, a single vision system is not adequately accurate to locate the 
relative position of the links in real-time. Therefore, a combination of different sensors and 
measurement systems are used such as: GPS antennas, optical, lasers and sonic 2D/3D distance 
sensors, rotation sensors and blade pressure sensors. The complexity of the sensor systems limits 
range of movements and is only practical for limited applications. The limiting factors, installation 
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complexity and inaccuracy of current systems calls for a cost effective simple solution. Fibre optic 
shape sensing can address many of these technical challenges with CSSs in grade control systems. A 
FOSS can be retrofitted to different links to measure shape and position of different machine parts. 
This is a great example that illustrates how a low-cost FOSS could benefit the application. 
Drilling is a critical process in all mining activities. There is limited information about the location 
and conditions of drilling tools during their operation. Deviation of drilled holes from planned 
direction in both surface and underground applications are impacting the mine production and 
performance. Fibre optic shape sensing can be considered as a potential candidate for real-time shape 
and position sensing system to minimise the deviation in long hole drilling tools. Optical fibres are 
proposed to be embedded in rods or drill bits used in long hole rigs or jumbos. The real-time data 
generated by FOSSs is then can be used to predict the positioning and improve the control strategy. 
Continuous drilling technologies such as coil tubing, continuous water jet drilling and tight radius 
drilling have been under development and field trials to offer low-cost and long range drilling 
technologies [158]. These drilling technologies commonly use measurement while drilling and 
logging while drilling systems. These systems use MEMS gyroscopes, accelerometers and wireless 
communication systems for position measurement and real-time data acquisition [159]. The drilling 
guidance systems are used in underground coal directional drilling and coal seam degasification to 
guide the drill to reach the targeted dip and azimuth. Currently MEMS gyroscopes have low 
precision and lead to accumulated error over long distance [160]. It is proposed that the combination 
of MEMS sensors data and FOSS or an advanced FOSS, embedded in coil tubing or feed has a great 
potential to significantly improve the real-time measurement of the drilling trajectory and control. 
This will, subsequently, improve the efficiency of mining operations.  
Hoehn et al. (2017) have demonstrated potential of fibre optic sensors for measurement of high 
capacity torque of several kN and compression loads of several kNm in drilling rods to improve the 
drilling process. Figure 26 shows a schematic diagram of compression (P) and torque (M) 
measurements based on two orthogonal FBG sensors (S1 and S2) around the drilling rod. This 
instrumented drilling rod has been tested under a controlled environment for various torque and 
compression conditions [161]. Further improvement in installation and test of the sensors on a full-
size coil tubing drill rig is required before the system can be industrialised. 
9. Concluding Comments 
This paper has been prepared to provide researchers with a comprehensive insight into fibre optic 
shape sensing technology and encourages further research and development in this area. A 
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chronologically collective and systematic evolution of fibre optic bend sensing from the 1980s to full 
shape sensing in recent years have been presented. It has been noted that fibre optic shape sensing 
has opened a new frontier in various industries, where conventional systems are not suitable due to 
their sensitivities to environmental parameters or their lack of flexibility. 
Increasing interest in the field of fibre optic shape sensing has propelled research forward and the 
technology has advanced to a level closer to wide adoption in its real-world applications. Significant 
progress in FOSSs is expected in near future. 
It has been established that FOSS technology will reach its full potential, especially in terms of 
market exploitation; however, the technology gaps in the following areas need to be fulfilled: 
 Various MCF components and related multiplexing technologies that are used in FOSSs will 
be mass-produced to satisfy the demand for telecommunications. This will advance the 
science and decrease the cost of the system; 
 The IIoT and industry 4.0 will drive more research and development in FOSSs for multi 
parameter measurements. It is anticipated that FOSSs have the potential to drastically alter 
the way in which sensing and control is performed in many applications such as surgical 
robotics, industrial robotics, aerospace and mining industry; and, 
 The use of integrated photonics technology for making compact fibre optic sensor 
interrogator units promises significant improvements in energy consumption, reliability, and 
cost. 
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Table 1: Summary of conventional contact based shape sensing technologies (non-fibre optic) 
 
  
Technology Description Advantages and applications Disadvantages 
Electrical resistivity- 
strain sensors [8-12] 
used for short-range two-
dimensional bend or joint motion 
measurement  
- low-cost,  
- compatibility with electronics,  
- great for wearable 
electronics. 
- inaccuracy,  
- large size and weight prevents its 
application in small size robotic 
applications. 
- complications and wiring prevents 
large scale applications  
Optoelectronic sensors 
[7] 
works based on a dense sensor 
network; 
an algorithmic solution calculates the 
3D surface of the object.  
a network of resistivity sensors, three-
axis gyro, three-axis accelerometer 
and Time-of-Flight distance sensors.  
- great potential for wearable 
devices in detection of spinal 
posture changes for medical 
sport and prevention of injury  
- lost-cost 
- compatible with Arduinos and 
low-cost microelectronics  
- not a robust and accurate solution 
for industrial applications. 
- requires free space around the 
sensor for optical sensors to work 
- accuracy is not verified 
- limited flexibility 
MEMS sensors [13-17] 
MEMS based electronics are using 
a combination of  accelerometers, 
gyroscopes and magnetometers; 
- applications in drilling, 
- applications in ground 
monitoring, 
- long range measurement  
- compatible with confined 
spaces 
- precision machining.   
- not customisable,  
- bulky,  
- low flexibility (long joints), 
- low resolution measurements, 
- expensive  
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Table 2: Evolution trend of fibre optics from bend to shape sensing 
Contribution Year Description Ref. 
Bend sensors  ~1980 
Three main methods were identified for early bend sensing. These were: 
change in power transmitted through normal fibres; change in power 
transmitted through fibres with bend modulators; and change in power 
transmitted through due to cross talk between parallel cores in the same 
cladding. 
[19-21] 
Directional bend sensors ~1990 
Through the use of multiple individual fibres and multicore fibres, the ability to 
detect bend direction in a fibre was created. Various techniques were 
employed such as: singular FBGs, macro bend modulators, multicore photonic 
crystal fibre mode field change and cores cross-talk due to bend. 
[22-26] 
Distributed bend sensing ~1996 
The ability for a fibre to detect strain at a multitude of locations through FBGs 
became possible with multiplexing. Initially only wavelength division and time 
division multiplexing existed for fibre optic shape sensing and this limited the 
number of sensors and minimum bending radius.  
[27, 28] 
First commercial 3D 
fibre optic shape 
sensing (ShapeTape) 
~1999 
ShapeTape was one of the first commercially developed fibre-optic 3D 
measurement devices to calculate shape and surface of an object. It was 
developed in the 1990s based on fibre optic pressure sensors. ShapeTape 
wasn’t a commercial success due to high price and limited range, flexibility and 
accuracy. 
[29-31] 
Basic fibre optic shape 
sensing 
~2000 
The detection of bends at a multitude of locations through multiplexing provide 
the opportunity for three dimensional shape sensing. Three or more cores or 
fibres provides the ability to detect directional strain at a multitude of locations 
allowing for the reconstruction of a fibre optic cables shape in space 
[32, 33] 
Distributed fibre optic 
shape sensing 
~2004 
The detection of thousands of strain locations on a number of cores provided 
the ability to sense three dimensional shape using continuous grating, 
removing the discrete nature of previous shape sensing techniques. OFDR 
allowed for shape sensing with Rayleigh backscattered light in normal fibres 
and fibres with continuous grating. 
[34-38] 
Fibre optic shape 
sensing for industrial 
and medical robots 
~2006 
The patents emerged to suggest use of FOSS in various industrial and surgical 
robotics, this appears to be the first sign of interest from industries prior real-
world applications. 
[39-49] 
Helical FBGs for FOSS ~2008 
This paper appeared to be the first demonstration of twist and bend 
measurement using helical FBGs in a multicore fibre. This presented a major 
improvement in FOSSs and how to achieve full 3D reconstruction. 
[50] 
Rendering of 3D fibre 
optic shape sensing 
~2009 
Rendering of the output of a fibre optic shape sensing cable was previously 
challenging due to the complex nature of the returning signals. An increasingly 
number of papers and patents have outlined various methods for real-time 
rendering of the output from FOSS since 2009.  
[50-55] 
Force sensing on fibre 
optic shape sensing 
~2013 
Measuring force using fibre optic shape sensing cables provides the ability to 
not only detect the location of a fibre but also the force at that point. These 
papers and patents were published since 2013 by medical robotic companies, 
opening up avenues for multi-function shape sensors. 
[56-60] 
Distributed Brillouin 
scattering in multicore  
fibre for distributed 
FOSS 
~2016 
First demonstration of Brillouin frequency shift of the off-centre core in a Multi 
Core Fibre (MCF) to measure curvature in a long fibre (1 km), opening new 
opportunities for long range shape sensing.  
[61-64] 
Continuous grating in 
helical multicore fibre  
~2017 
Advancements in multicore fibres with continuous gratings are reported. 
Commercial availability of components and multicore fibres are critical in 
development of high resolution and distributed FOSS. 
[65] 
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Figure 1: Contact based electrical resistivity glove shape sensor, known as GloveMAP [8] 
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Figure 2: Contact based optoelectronics shape sensor, known as SensorTape [7] 
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Figure 3: Contact based MEMS shape sensor, known as ShapeAccelArray [13] 
  
  
41 
 
 
Figure 4: Schematic of a fibre optic shape sensor consisting of multiple FBG-based tri-core 
directional bend sensors (modified from [18]) 
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Figure 5: Installation complexity and size of 21 strain gauges versus 628 fibre optic shape sensors 
on an aeroplane wing [8] 
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Figure 6: First commercial 3D fibre optic shape sensor based on surface pressure measurements, 
known as ShapeTape [30] 
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Figure 7: Fibre optic sensing configurations: (a) Single point, (b) Quasi-distributed, and (c) 
Distributed sensors (red arrows present optical measurement signals) 
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Figure 8: Fibre optic strain sensing principles and techniques for FOSSs 
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Figure 9: Operating principle of FBG [71] 
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Figure 10: An overview of distributed sensing based on backscattered light [88] 
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Figure 11: Possible geometrical configurations of fibres for FOSSs (rbundle is radius between fibre 
cores) [18] 
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Figure 12: Helically wrapped single FBG sensors used for the curvature-strain model [104] 
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Figure 13: Demonstration of a four core helical MCF (a) Scanning electron microscope (SEM) 
image of the fibre tip with red lines added to show the angles between the cores, (b) Illustration of 
helical cores along the length of the fibre (c) Strain response of cores to change in external curvature 
(core 0 is on neutral axis) [5] 
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Figure 14: (a) Reel to reel continuous FBG fabrication setup, (b) SEM image of MCF end, (c) 
Continuous gratings in twisted MCF with UV transparent coating [65] 
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Figure 15: MCF shape sensor array assembly and its components [90] 
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Figure 16: (a) Schematic diagram of a low-loss light coupling from seven SSMFs into a 7-core MCF 
using a TFB fan-out. SEM images of TFB and MCF [90], (b) Schematic diagram of inscription of an 
integrated-optic waveguide using a focused femtosecond laser beam for SSMFs to a MCF fan-out 
[112] 
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Figure 17: (a) Cladding waveguides in a single fibre, (b) 3D FOSS fibre with CWGs at a bending 
radius of 2.5 cm [115] 
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Figure 18: A pair of orthogonal tilted FBGs for 3D shape sensing [118] 
  
  
56 
 
 
 
 
 
 
 
 
 
Figure 19: First PCF based bend sensor (modified from [120]) 
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Figure 20: Da-Vinci surgical system (modified from [141]) 
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Figure 21: Various types of continuum robots that require shape sensors to solve the main 
implementation challenge in their control of actuation systems [142] 
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Figure 22: Position error due to a flexible robotic link (modified from [145]) 
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Figure 23: Advancement of robotics from discrete towards continuum robots [142]  
  
  
61 
 
 
Figure 24: Fibre optic shape sensing of a flexible structure (a) A simple U-shaped path fibre 
attachment, (b) Vertical (X-Z) plane views of shape measurement data (blue line) and actual surface 
height [5] 
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Figure 25: A 50 metre FOSS tether prototype installed on NASA JPL’s Axel Rover [132] 
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(a)                                                           (b) 
Figure 26: (a) Schematic diagrams of the fibre optic compression sensor (b) Instrumented drilling 
rod with optical fibres and under test for torque and compression measurement [161] 
 
